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Abstract 
Foreign object impact on aircraft structures is a critical event that can affect the structural 
integrity and compromise the safety of the aircraft. The aerospace industry devotes a 
considerable amount of effort to detect impact damage. The real time impact detection and 
quantification system can improve safety and reduce operation cost. In order to identify the 
impact damage, it becomes necessary to study the impact location and force history. There are a 
number of studies on this topic which focus on obtaining an approximate representation of force 
history in damage events. However, a number of important aspects of foreign object impact 
including the angle of oblique impact and stress distribution at the impact site are rarely 
addressed in these studies. The objective of this thesis is to obtain a closer representation of the 
impact force history based on the Hertz contact theory and verify it experimentally through 
acoustic emission technique. Experiments were performed on a large Aluminum plate that was 
instrumented with piezoelectric acoustic emission sensors capable of detecting the shear 
component of the acoustic emission waves. This thesis establishes that oblique impacts produce 
shear horizontal components in addition to other lamb wave components. Detailed finite element 
analysis that includes the impact dynamics as well as the resulting wave propagation was 
performed. The results of this finite element analysis are compared with the experimental results. 
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CHAPTER 1 
Introduction 
Aircrafts structures are prone to impact events that can lead to damage. Boeing estimates 
the cost associated with Foreign Object Damage (FOD) to be around 4 billion dollars a year 
(Boyce, Chen, Hutchinson, & Ritchie, 2001). While the larger portion of this cost is due to the 
FOD in the engine parts, foreign object impacts on the structure also is an important event to be 
considered. The location of the impact and the magnitude of the impact force will determine the 
extent of damage, hence complete knowledge of the impact becomes important for monitoring 
the structural health. Further, in the case of composite materials the angle of impact also plays an 
important role in determining the extent of damage given that the angle of the impact reduces the 
ballistic limit of the material (Shim, Guo, & Tan, 2012).  
Considerable research has been carried out on impact damage to structures, with several 
different objectives. Some have focused on understanding the physics of the impact between the 
foreign object and the aircraft panel. Others have studied damage resulting from impact, in order 
to predict the possible failure of the material due to impact. All these studies tend to obtain the 
impact force history, the contact area and in few cases the damage induced. These researchers 
have used experimental, analytical and numerical techniques.  
Stress waves generated by impact on flat panels have been studied widely. The primary 
objective has been to identify the location of the impact and the impact force history, including 
the magnitude and distribution of force applied by the impact object on to the structure. The 
available literature on this indicates that the researchers have assumed mostly the impact to be a 
simple point contact and have not studied the features of the stress waves propagating due to the 
impact in detail to understand the physics of the impact.  
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On the other hand, some researchers have solely focused on the damaging aspects of the 
impact and the relationship between the impact velocity and ballistic damage and tend not to 
focus on the actual contact event and the mechanism of the impact. 
The theoretical studies on the impact try to simplify the problem in order to obtain a 
closed form solution for the impact mechanism. However, no detailed study to understand the 
relationship between the impact mechanism and the propagation of the stress waves has been 
carried out.  
In this thesis, an integrated approach that combines the physics of the impact with the 
resulting stress wave generation and propagation is explored. In addition, some approximate 
models are also examined. The approach adopted is as follows: Hertz contact theory was applied 
in order to estimate the impact load. The calculated force was then incorporated into a numerical 
model, as a point load, and an optimization process capable of identifying the impact force, if 
different components of stress wave detected from experiment are available.  
In order to understand the mechanics of the impact, the actual impact event of a steel 
sphere impacting an aluminum plate of 1.5 mm thickness was simulated numerically and the 
results were analyzed. These experiments were carried out on a square aluminum plate 
instrumented with piezoelectric sensors. The stress waves generated due to normal and oblique 
impacts were recorded and analyzed. With the aid of the experimental observations, an improved 
numerical model was generated to obtain the impact force history. 
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CHAPTER 2 
Literature Review 
2.1 Acoustic Emission  
Acoustic emission (AE) can be defined as transient stress waves in a medium due to the 
release of localized stress energy. The release of the energy causes stress waves to propagate 
through the medium. The AE waves can have a frequency range up to several MHz and can be 
detected by sensors attached to the structure. 
These propagating waves have three basic modes namely Extensional (Symmetric - S), 
Flexural (Anti-symmetric -A) and Shear Horizontal (SH) mode. All of these modes have 
multiple harmonics with ‘0’ being the fundamental mode that exists at all frequencies.  
Various sources give rise to AE signals, including crack formation, crack growth, fretting 
and impact. Therefore, one of the primary interests in the field of AE based Structural Health 
Monitoring (SHM) is to identify the source of the AE. One of the successful approaches is 
classifying the AE sources based on the prominent features seen in AE signals. Further, the 
location of the AE source is also of interest due to the influence it has on the health of the 
structure. A number of studies are available on this particular area and many novel ideas have 
been proposed to locate the source of AE. 
2.1.1 Acoustic emission source location. One of the simplest methods to locate the AE 
source is the triangulation method. In an isotropic medium, given the velocities of the different 
components of the signal are known, the location of the source can be estimated with three 
suitably located sensors. The time difference in the arrival time of two components provides the 
estimation of the distance, di of the source from each of the three sensors. The location of the 
source of acoustic emission is determined by identifying the intersection point of the three circles 
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of radii di with their center being the respective sensor locations. Applying this method to an 
anisotropic medium is a challenging task because the velocities depend on the direction of 
propagation. 
Baxter (2007) adopted a slightly different approach to locate the AE source. For each pair 
of sensors, the difference in the time of arrival, termed delta-T, of the S0 and A0 mode were 
measured (ΔT) by performing lead break tests on the structure. With the aid of these results 
contour lines were generated, with each line representing a certain difference in ΔT value for 
each sensor pair. When an AE event occurs, the ΔT value would be calculated for at least two 
pairs of sensors and the corresponding contour line would be chosen. The intersecting point of 
the two contour lines gives the location of the source. While this method is essentially the same 
as the triangulation technique, this approach is somewhat more convenient for complex 
structures. (Baxter, Pullin, Holford, & Evans, 2007) 
While the triangulation technique is straightforward and simple, it has many 
disadvantages. Primarily, the velocities of the different components need to be known 
beforehand. Further, the velocities of the components are assumed to be equal in all directions 
which is not the case in non-uniform plates and plates made of anisotropic media such as 
composite materials. Further, the time of arrival of the signal at a particular sensor is recorded 
when the signal crosses a certain predetermined threshold value. This can lead to errors in 
determining the time of arrival (TOA) because when the stress waves propagate they undergo 
attenuation and lose amplitude. These effects have been neglected in the traditional triangulation 
methods and hence they introduce inaccuracies in source location. 
Various improvements to the triangulation method have been suggested to overcome 
these issues. Hyunjo (2000) suggests employing the wavelet transformation to the received 
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signal, choose a particular frequency, and with the aid of the wavelet determine the TOA of that 
frequency at the particular sensor. This method, while addressing the attenuation issue, also 
improves the calculation by considering a single frequency as different frequency components 
would have different velocities. (Hyunjo & Young-Su, 2000). Ciampa (2010) employed a similar 
method, applying the wavelet transformation to determine the TOA of the anti-symmetric mode 
at the sensors. In this study, 6 sensors were used, in 3 pairs, in order to form a pair of sensors to 
have an equal TOA value and use the Newton’s method to solve the set of non-linear equations 
(Ciampa & Meo, 2010).  
Kundu (2011) employed an optimization method for source location. This method allows 
one to predict the location of the AE source without prior knowledge of the velocities of the 
component. Therefore, this method allows the triangulation method to be employed on 
anisotropic media such as composite structures and stiffened panels. This research has primarily 
focused on locating the site of impact on the structure but has not focused on the mechanism of 
the impact or the features of the resulting signal. They have improved this method 
further.(Hajzargerbashi, Kundu, & Bland, 2011) 
DiScalea (2011) et al used Macro Fiber reinforced Composite (MFC) sensors, to locate 
the impact site and to identify the impact force history. These sensors are essentially thin strips 
of PZT ceramics sandwiched between two layers of electrode material embedded in epoxy 
matrix. In this research, MFC rosettes formed by combining three MFC sensors were used. Due 
to the different orientation of each sensor in the rosette and the presence of thin long strips of 
PZT ceramic, the sensors have directional sensitivity to the propagating waves. With this 
advantage, the direction of the signal is obtained for each sensor, and with the aid of two sensors 
the location of the source is determined.(Howard & Francesco Lanza di, 2007) 
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While the above methods incorporate some mathematical analysis and/or optimization 
methods to locate the impact site, other researchers have taken a different approach and used 
training data to build a library of sensor responses corresponding to a large number of excitations 
at different locations on the structure. Park (2012) use a Scanning Laser Doppler Vibrometer 
(SLDV) to measure the response of the system at various locations for the input pulse generated 
by a PZT actuator. Later, the actuator starts to act as the sensor when there are acoustic emission 
events on the structure and record the signals. The recorded signal is then cross correlated with 
the library of the data and the location is obtained. Even though this method reduces the time 
spent on computation and data analysis, a library of signals at a large number of locations and for 
a large number of impulse shapes and durations have to be recorded beforehand. (Park et al., 
2012)   
In addition to these methods and their modifications, there have been some approaches 
that have brought in techniques from other fields of research to identify the acoustic emission 
source location. For example, Worden (2000) has used the neural networks and genetic 
algorithms to process and determine the AE source (Worden & Staszewski, 2000). 
2.1.2 Impact force history. Obtaining the impact force history from the stress waves 
generated by the impact event is an inverse problem.  Prior knowledge of the point of impact, the 
behavior of the structure as well as the impactor under impact loading and certain additional 
parameters are necessary to determine force history. Researchers have approached this problem 
using some form of iterative methods. They start with an estimated force history, computing the 
response of the structure for the assumed force, calculating the error between experimentally 
determined response and the response to assumed force history and then use an optimization 
method to minimize the error. In this case, the response of the structure for each updated load 
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curve has to be obtained. Instead of using a time consuming numerical simulations, some simpler 
methods have been incorporated in a few of these studies.  
Discalea (2011) obtained the impact force history by using the MFC sensors by utilizing 
an optimization technique. In this process, the algorithm starts with an assumed force history and 
computes the structure’s response, compares the experimentally obtained waveform and the 
computed one, and employs the optimization algorithm to minimize the error between the two 
signals. At each step the force history is updated and the structure’s response for the new force is 
computed. This was implemented using a semi analytic finite element technique. Even though 
they have demonstrated the effectiveness of this method, it has been assumed that the impact 
results in a point contact and fails to identify important features related to the load distribution 
and oblique impact. (Bartoli, Salamone, Di Scalea, Rhymer, & Kim, 2011) 
Hu (2007) has proposed a method employing Chebyshev polynomials to identify the 
force. (Hu, Fukunaga, Matsumoto, Yan, & Peng, 2007). Further, Chunlin (2010) has employed 
time reversal method to identify the impact force, though this has not been verified 
experimentally (Chunlin & Fuh-Gwo, 2010). Inoue (2001) used deconvolution to estimate 
impact force history (Inoue, Harrigan, & Reid, 2001). 
The studies summarized above assume that the impact results in the application of force 
at a single point and neglect distributed forces that have both normal and in-plane components 
with varying time histories determined by the dynamic contact mechanisms that include elastic 
and inelastic deformations.   While these methods are useful to locate the impact site and 
estimate the load history, they fail in one important aspect, i.e. without understanding the 
mechanism of the impact, the severity of the impact cannot be predicted accurately. There is 
another group of literature whose objective is to understand the local damage and penetration 
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from projectile impact but exclude any consideration of stress waves generated by the impact 
forces.   
2.2 Hertzian Contact 
 According to classical contact mechanics, the contact between two elastic bodies occurs 
over an area. The bodies deform, and the amount of deformations depends on the elastic moduli 
of the materials in contact. Hertz theory gives the contact stress as the function of normal contact 
force, and geometrical and material properties of the two bodies in contact (Johnson, 1985).   
Various approaches have been proposed to calculate the applied force, which in the case 
of impact, varies with time. According to the Hertzian contact theory, for two isotropic bodies of 
revolution, the contact occurs in a circular zone of radius a in which the normal pressure p varies 
as 
    [  (
 
 
)
 
]
 
 
 
Where p0 is the maximum contact pressure at the center of the contact zone and r is the radial 
position of the point at which the pressure p is being calculated. The contact force between the 
two bodies is defined as  
     
 
 ⁄  
Where kc is the contact stiffness and α is the depth of indentation. 
The combined modulus E*,     
 
  
 
    
 
  
 
    
 
  
 
And the effective radius R,  
 
 
 
 
  
 
 
  
 and    
 
 
 √  
Here the parameters R1 and R2 are the radii of the contacting bodies, E1 and E2 are the young’s 
moduli of the corresponding materials and kc is the contact stiffness. 
The maximum contact pressure is given by  
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Where,  
Fmax – Maximum contact force 
a - radius of the contact area is given by 
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And the parameter α is given by 
  
  
 
 
Most of the parameters calculated above, namely a, F, p and α are time dependent, the 
magnitudes change over the duration of the contact (Abrate, 1998). Calculating the parameters in 
a complex system is a challenging task.  Abrate (2001) suggests simplifying the contact as a 
spring mass model (Abrate, 2001). Depending on the complexity of the system and the required 
accuracy, it is convenient to model the system as a one, two or multiple degree of freedom 
system.  
When modeled as a one degree of freedom system, the combined contact parameters kc 
and the mass of the impactor is used to determine the displacement of the impactor i.e. the elastic 
indentation of the plate due to impact. While this is a gross simplification, it gives a general idea 
of how the impact force varies with time and lets one calculate the other parameters. However, if 
permanent indentation occurs during impact the contact force history will follow a different path 
during the unloading phase. A modified contact law was suggested by crook for the unloading 
phase. 
    [(    ) (     )⁄ ]
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where Fm is the maximum contact force before unloading and αm is the maximum depth of 
indentation and α0 is the depth of the permanent indentation. 
In order to obtain a more accurate force history, a two degree of freedom system was 
modeled and the resulting set of simultaneous differential equations is solved. This model 
provides a better approximation of the impact mechanism than the two degree of freedom model, 
but when compared to the actual impact force histories obtained by other means the results were 
still inaccurate. Therefore, the better alternative is to simulate the impact numerically using a 
Finite Element approach. 
2.3 Impact Force History in Impact Damage 
 Batra (2012) in his analysis of failure of fiber reinforced polymeric composite determined 
the impact force history through numerical simulation. The features of force history were related 
to the damage mechanism (Batra, Gopinath, & Zheng, 2012). Setoodeh (2009) numerically 
simulated the impact on anisotropic material through Hertzian contact. But the study is limited to 
the effectiveness of the developed algorithm in measuring the impact force. (Setoodeh, 
Malekzadeh, & Nikbin, 2009). 
Chang (2012) predicts the impact induced damage in composite structures using 
numerical simulation. A database of estimated damage information is created using numerical 
simulation and pattern recognition methods. The impact damage is estimated comparing stress 
waveform with the data available in the database. Even though the impact force history has been 
obtained in this study, the actual contact mechanism has not been considered (Roy, Mueller, 
Janapati, Das, & Chang, 2012). Menna (2011) in their study on delamination of composite 
structures due to impact, have modeled a circular plate and hemispherical impactor and have 
numerically simulated the impact event and obtained the force history (Menna, Asprone, 
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Caprino, Lopresto, & Prota, 2011). There are a number of similar studies that numerically 
simulate the impact and to estimate the impact force history without looking at the contact 
mechanism involved or the stress waves generated by the impact.  
This research focuses on the stress waves generated during the normal and oblique 
impact while relating the features of the stress waves to the impact mechanism in order to come 
up with a more accurate technique to identify the impact force history. 
2.4 Oblique Impact 
 Mindlin and Deresiewicz studied and proposed a theoretical approach to the problem of 
oblique contact of spheres (Mindlin & Deresiewicz, 1953). This theory was extended to analyze 
oblique impact by Maw et al (Maw, Barber, & Fawcett, 1976).  
 In this analysis, the impact forces, normal to the surface and in-plane, are analyzed 
separately. The normal forces are assumed to comply with the Hertz theory and the in plane 
loads are assumed to be independent of the normal forces. In order to obtain the time history of 
the loads at various points, a series solution method was proposed by Maw. The contact region 
was divided into ‘n’ circular bands and the expression for the traction (f) at each band is given as 
(   ) 
  
∑     
 
   
   ( )       
Where,  
a – Maximum contact radius 
G- Shear modulus of the material 
ux – Planar displacement  
vx – Instantaneous in plane velocity  
Aij – Coefficient determined based on the stick – slip conditions 
14 
 
by solving the above equation for each time step the planar load history for the impact can be 
obtained. It is essential to mention that at each time step the in calculated load needs to be 
compared to the critical friction force and the coefficients have to be re-adjusted. 
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CHAPTER 3 
Reverse Force Calculation 
Estimation of the impact load is a widely studied problem in the field of Acoustic 
Emission based structural health monitoring. In practice this is a challenging inverse problem. 
The stress waves undergo material related attenuation and further distorted by reflections at the 
boundaries. Various approaches have been proposed and applied with various degrees of success. 
Building a library of signals generated by different kinds of loads, deconvolution method, time 
reversal method and optimization method are few of the widely studied ones.  
The optimization method proves to be a simple and effective method. In this process, the 
AE signals recorded by the sensors due to an impact event are compared with the signals 
generated due to the application of arbitrary loads on the same structure. Using an optimization 
algorithm to update the arbitrary load to minimize the error between the two signals leads to the 
estimation of the impact load. The major disadvantage of the process is the need to obtain the 
signals generated for various arbitrary loads. Relying on numerical simulations becomes 
impractical due to the time consumed to solve each updated force. Semi Analytical Finite 
Element (SAFE) method was used by Bartoli et al (Bartoli et al., 2011). In this research a simpler 
method, impulse response function method, was employed. 
3.1 Impulse Response Function 
In vibration analysis, the impulse response function method is a convenient method to 
identify the response of a system to an arbitrary load input to the system. For a one degree of 
freedom system (1DOF) the response of a unit impulse load, figure 3.1, x(t) is given by  
 ( )    ( )̂ 
Where h(t) is the impulse response function. 
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Figure 3.1. A unit impulse 
For an arbitrary input function, the response of the system is calculated by means of the 
impulse response method. The arbitrary input is divided into infinitesimal impulses, calculate the 
responses to these individual impulses and add them together to calculate the response. (Figure 
3.2) 
 
 
 
 
 
Figure 3.2. Arbitrary excitation force split up into ‘n’ impulses 
The response of the system is given by 
 ( )  ∫  ( ) (   )  
 
 
 
This approach is used to numerically determine the waveform generated by any arbitrary 
load. With this ability to generate the waveform corresponding to any arbitrary load in 
combination with the procedure described in the next section, it is possible to estimate the force 
history from an experimentally determined waveform. 
F(t) 
 t 0 
τ-ε τ+ε 
F(t
t 
t ti 
Δt=t/n 
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3.2 Numerical Simulation  
A load curve was generated according to Hertz contact theory. The calculated load was 
applied to the model of the plate as a point load and the stress wave was recorded at the sensor 
location (450 mm from the load point). The material properties used in the numerical simulation 
and the load curve calculation are given in Table 3.1. In these simulations it was assumed that 
the material does not yield, therefore linear elastic material properties were assigned to the 
material models. 
Table 3.1 
Material Properties 
Material 
Young’s 
modulus/(GPa) Density/(kgm
-3
) Poisson’s ratio 
Aluminum 69 2.7 0.3 
Steel 207   7.63 0.3 
 
 Figure 3.3 shows the time history of load applied at a single point and the stress waves 
generated due to the load. Symmetric and anti-symmetric components are easily identifiable in 
the waveform recorded. Further, it is observed that the reflection of the S0 component being 
super imposed on the A0 around the 200 μs mark and the reflections of the A0 components 
coming in around 375 μs mark.  
The load was applied normal to the surface; hence no SH component is present in the 
waveform obtained from this simulation. In order to reduce the computing time required to run 
the optimization code, it was decided to verify the results by applying a load with shorter 
duration. The procedure is explained in the next section.  
18 
 
     
(a) 
     
(b) 
Figure 3.3. (a)Applied load (b) System response 
3.2.1 Procedure. In order to identify the applied load, first the system response for a unit 
impulse was recorded by applying a unit impulse in the numerical simulation, both in-plane and 
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normal to the surface. Then the arbitrary load (assumed to be unknown) was applied to the same 
model and the response was recorded. With the assumption that the load curve is unknown 
(duration and amplitude) along with the angle of the impact, the process starts with an assumed 
load with an arbitrary impact angle and duration, obtains the stress wave by adding the response 
to the unit impulse with appropriate amplitudes. Then the error between the two waveforms, 
actual and the estimated is calculated and an optimization algorithm is employed to update the 
amplitudes in order to minimize the error. 
Nelder-Mead simplex algorithm was used in this optimization process. The error between 
the actual system response and the response for the guessed force was minimized by the 
algorithm and the estimated load with the least error was obtained. The applied load, the 
response of the system for the applied load as well as the estimated load and the system response 
for the estimated load are given in figures 3.4, 3.5 and 3.6. 
 
Figure 3.4. Applied load  
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Figure 3.5. Estimated and the actual system responses 
 
Figure 3.6. Load calculated through optimization 
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 From the results it is obvious that the optimization program could be successfully 
implemented to identify the impact force when only the system response is known even though 
this hasn’t been demonstrated experimentally. 
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CHAPTER 4 
Experiment 
4.1 Experiment Setup   
The impact experiment was carried out on an Aluminum plate of dimensions 1200 mm x 
1200 mm x 1.5 mm. The plate was instrumented with the piezoelectric sensors specially 
designed to detect shear waves along with traditional piezoelectric wafer sensors. The sensor 
arrangement is shown in figure 4.1.  
1200 mm
600 mm
Primary point of impact
Line 1
Line 2
 
Figure 4.1. Schematic of the sensor arrangement 
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A 6 mm diameter steel ball bearing was used to impact the plate. An electromagnet was 
used to release the steel sphere from a height of 1200 mm. The experimental setup is shown in 
figure 4.2. 
        
Figure 4.2. Experimental setup 
4.2 Instrumentation 
4.2.1 Oscilloscope. Lecroy Wavejet, model 324, oscilloscope with four input channels 
and a maximum sampling rate of 2 GS/s was used to record the waveforms. The oscilloscope has 
a 200 MHz bandwidth. After the initial observations it was evident that an oscilloscope with 
higher vertical resolution is necessary and Lecroy Waverunner LT344 oscilloscope with a 3 bit 
vertical enhancement was used in order to be able to record the waveforms without losing all the 
information. 
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4.2.2 Sensors. PZT (Lead Zirconate Titanate) ceramic sensors were bonded to the surface 
of the aluminum plate at the predetermined locations. The conventional rectangular sensors and 
the new shear sensors were both used in the experiment. (Figure 4.3) 
           3 mm                10 mm
3 mm
 
(a)                                                                             (b) 
Figure 4.3. Sensor dimensions and arrangements (a) Shear sensor (b) Conventional sensor 
The conventional sensors are of dimension 20x10 mm
2
, and are not sensitive to the shear 
horizontal components of the stress waves. The new shear sensors are thin strips of dimension 
20x1 mm
2
 and were bonded as an array of 4 strips at each location. Each array consists of 4 
strips separated by a distance of 3 mm and connected together by a thin aluminum foil. These 
sensors are sensitive to the shear horizontal component as well as the symmetric and anti-
symmetric components. 
4.3 Procedure 
 The sensors were connected to the oscilloscope and the oscilloscope was set to the 
‘single’ recording mode in order to capture the waveform generated during the initial impact. To 
capture the symmetric, anti-symmetric and shear components of the waveforms with sufficient 
resolution, experiments had to be repeated with different settings for the oscilloscope. The four 
different settings are given in table 4.1. 
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Table 4.1 
Oscilloscope Setup Used to Record Waveforms  
 Volts per 
division, mV 
Time per 
division,µs 
Sampling rate, 
MS per second 
Length of data, 
x10
3 
points 
Setup 1 20 50 20 10 
Setup 2 200 50 20 10 
Setup 3 500 50 20 10 
Setup 4 1000 50 20 10 
 
For the normal impact, an electro magnet was positioned above the point of impact at a 
height of 48 inches, and the steel ball bearing was released from the magnet by activating a 
switch. This procedure ensured that the point of impact was consistent throughout the experiment 
and the rotation of the sphere was very small. The recorded waveforms were saved to a memory 
stick from the oscilloscope for further analysis. 
For the oblique impacts, the plate was raised from one end with the mechanism 
implemented in the fixture and set up at the desired angle and the sphere was dropped by the 
same procedure and the waveforms were recorded. The drop height was adjusted to compensate 
the change in the elevation of the point of impact caused by raising the plate. 
Further, several impacts were performed at 100 mm, 200 mm and 300 mm lengths along 
the line 1 & 2 shown in figure 4.1 in order to gather more information about the components of 
the waves present in the recorded waveforms. These results were used to calculate the velocities 
of the components recorded by each sensor and compared with those that are available in the 
literature to verify the presence of each component. In addition, wavelet analysis was performed 
on the recorded signals. 
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4.4 Results  
 
Figure 4.4. Waveforms captured for a normal impact 
Figure 4.4 shows the waveform recorded for a normal impact during the experiment. 
Looking at figure 4.4 it is obvious that the symmetric component of the waveform has a very 
small magnitude compared to that of the anti-symmetric component. Therefore further 
experiments were carried out after increasing the sensitivity of the oscilloscope to capture the S0 
component. The magnified symmetric component of the waveform is shown in figure 4.5.  
The magnified waveform shows the features of the symmetric component clearly. Further 
it was calculated that the ratio between the amplitudes of the symmetric and anti-symmetric 
components is 0.006. When compared to the point load simulations in chapter 3 (Figures 3.3 and 
3.5) the S0 component lacks higher frequency components. The anti-symmetric component 
consists of high frequency signals that are not present in the point load simulations. Also, the 
amplitude ratio of S0/A0 in the point load case is close to or greater than 1. Which is several 
orders larger than the values obtained from the experiment. 
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Figure 4.5. Waveforms captured for a normal impact 
Additional experiments were carried out for impacts occurring at an angle to the normal 
axis of the plate, namely 30 degrees and 45 degrees. The waveforms clearly show the presence of 
the shear horizontal component. See figure 4.6.  
Experiments with oblique impact angles produced amplitude ratios for both S0/A0 and 
SH/A0 in the range 0.005-0.006.  From the above observations it was concluded that the in-plane 
forces produced during the impact are very small compared to that of the normal loads exerted. 
This holds for both normal and oblique impacts. Throughout the experiment, the plate surface 
was inspected for permanent indentations and damage. 
Further the signal recorded by the conventional wafer sensor for the same impact at 45 
degree planar angle does not show the shear horizontal component; instead it shows higher 
sensitivity to the S0 component. The recorded waveforms are shown in figures 4.6, 4.7, 4.8 and 
4.9. As expected, the shear horizontal component shows the highest amplitude at the 45 degree 
propagation angle (Figures 4.6 and 4.8). 
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(a) 
 
(b) 
Figure 4.6. Waveforms captured by sensors for a 30 degree impact at (a) 45 degrees and (b) 0 
degrees  
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(a) 
 
(b) 
Figure 4.7. Waveforms captured by sensors for a 30 degree impact at (a) 45 degrees wafer sensor 
and (b) 30 degrees  
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(a) 
 
(b) 
Figure 4.8. Waveforms captured by sensors for a 45 degree impact at (a) 45 degrees and (b) 0 
degrees  
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(a) 
 
(b) 
Figure 4.9. Waveforms captured by sensors for a 45 degree impact at (a) 45 degrees wafer sensor 
and (b) 30 degrees  
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Upon closer inspection of the plate after the impact, it was found that the impacts leave a 
permanent indentation. With the help of a microscope equipped with a camera, the indentations 
were measured and found to have a diameter of 0.8 mm. (Figure 4.10) 
 
Figure 4.10. Indentations caused by the impacts 
From figure 4.10 it can be clearly seen that the impact has created permanent indentations 
on the Aluminum plate. The plastic deformation during impact was included in the numerical 
analysis reported in the next chapter.  
4.4.1 Experimental observations. Upon analyzing the waveforms that were obtained 
during the experiment, it was evident that the contact could not be treated as a point contact. This 
conclusion was derived based on preliminary numerical simulations that were carried out. From 
1 mm 
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the simulations it was found out that the point loads did not produce the high frequency 
components of the anti-symmetric mode that was present in the experimental waveforms. The 
presence of the indentations also indicates the same. In addition to that, it is also evident that the 
material undergoes plastic transformation. 
4.5 High Speed Camera Experiments 
 In order to estimate the impact duration experimentally, a high speed camera was used to 
record the impact event. Photron Fastcam with a maximum frame rate of 100,000 fps was used in 
these experiments. The impact of the ball on the plate was recorded at 50,000 fps (20 μs/frame). 
Upon analyzing the video frame by frame, it was determined that the impact duration was 60-80 
μs (3 to 4 frames). This result agrees with results from the Hertz contact theory. The summary of 
the results are given in table 4.2. 
Table 4.2 
Impact Durations Calculated and Observed 
Source Duration/μs 
Hertz theory 78 
High speed photography 60-80 
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CHAPTER 5 
Numerical Simulation 
Finite element technique was used to numerically simulate the impact event in order to 
understand the physics of the impact and the mechanism of the impact related wave propagation. 
The commercially available finite element software LS-DYNA was used for this analysis. A 
sphere of diameter 6 mm, the same as the one used in the experiment was modeled along with an 
aluminum plate of dimension 1200 mm x 1200 mm x 1.5 mm as in the experiment.  
5.1 LS-DYNA 
The problem of a steel sphere impacting a square aluminum plate was simulated. The 
model used the same geometry and material properties that were used in the experiments 
reported in the last chapter. The diameter of the steel sphere was 6 mm and the dimensions of the 
aluminum plate were 1200 mm x 1200 mm x 1.5 mm. The plate was clamped along its edges.  
This software is designed to handle highly nonlinear transient dynamic finite element analysis 
with many built in material models, element types and contact algorithms. LS-DYNA is widely 
used in automobile, aerospace, bio engineering, and various other fields. With the aid of the built 
in material models and contact algorithms many real world problems can be simulated 
numerically. The latest release, LS-DYNA, version 971, release 6 was used for the numerical 
simulations.   
 5.1.1 Contact algorithms. In LS-DYNA, contact is defined by identifying locations that 
are to be checked for penetration of slave nodes through master surface i.e. slave and master 
segments have to be defined or would be defined by the contact algorithm itself in order to 
calculate the contact forces. At each time step of the simulation, the master surface would be 
checked for penetration by a slave node, and when such penetration is identified, a force 
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proportional to the penetration will be applied on the slave node in order to resist and ultimately 
eliminate the penetration. ("Contact medeling in LS-DYNA,") 
The resistive forces applied on the nodes are calculated based on the contact stiffness 
calculated by the contact algorithms. The contact is internally represented by linear springs 
between the slave nodes and the nearest master segments and the spring stiffness is calculated 
based on the segment size and the material properties. This method is referred to as the penalty 
based approach to correctly represent the contact between two surfaces specified by the option 
SOFT=0. 
When dissimilar materials come into contact, the penalty based approach has been found 
to be inadequate. For these cases, different methods to calculate the spring stiffness have been 
implemented in LS-DYNA. These methods are called the self-constraint based approach. There 
are two different algorithms in this self-constraint based approach to calculate the spring 
stiffness. The first approach divides the nodal masses that come into contact by the square of the 
time step and using a factor for stability specified by the SOFT=1 option. The stiffness calculated 
by this method is independent of the material constants and recommended for dissimilar 
materials whose material properties differ by a large amount. The second approach also uses the 
mass and time step based stiffness, but applies the loads as the pair of  4 node segments 
corresponding to the sphere and plate come into contact, and the loads are applied to all 8 nodes 
(SOFT=2).  
While the above mentioned methods are used to calculate the contact forces, there are 
different ways in which contact is defined in LS-DYNA. The term ‘automatic’ that occurs in the 
contact title stands to define that the penetrations that come from any direction will be identified 
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by the algorithm itself. Some of the most widely used and suitable contact types for this problem 
are given below. 
 CONTACT_AUTOMATIC_NODES_TO_SURFACE 
 CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 
 CONTACT_AUTOMATIC__SINGLE_SURFACE 
CONTACT_AUTOMATIC_NODES_TO_SURFACE is defined as a one way treatment 
of contact. I.e. the nodes from the slave part would be checked for penetration through the master 
surface. In the CONTACT_AUTOMATIC_SURFACE_TO_SURFACE at each time step both 
contacting parts would take the role of master and slave and forces would be calculated and 
applied on the nodes of each part. CONTACT_AUTOMATIC__SINGLE_SURFACE is an even 
more advanced option where all the contacting parts are considered as slave parts together and 
all the surfaces would be checked for penetration including self-contact. The SOFT=2 option is 
only available for the SURFACE_TO_SURFACE contact options. But it is expected to give a 
more realistic force distribution.  
5.1.2 Material models. There are numerous material models available in LS-DYNA in 
order to accommodate different materials and various real world scenarios. The available models 
cover the instances of purely elastic deformations, deformations that go into the plastic region, 
orthotropic materials, materials with visco-elastic properties etc. and these  materials are further 
developed with options for failure, thermal simulations etc. Due to the observed plastic 
deformations during the experiment, it was decided to use the 
MATERIAL_PIECEWISE_LINEAR_PLASTIC for the plate in the numerical simulations.  The 
properties assigned to the material are listed in table 5.1. 
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Table 5.1 
Material Properties 
Part Material Material 
type 
Density, 
kg/m
3
 
Poisson’s 
ratio 
Young’s 
modulus,GPa 
Yield 
strength 
Plate Aluminum Linear 
plastic 
2.7 0.3 75 0.2 % 
Sphere Steel Elastic 7.65 0.3 207  
 
5.1.3 Hourglass control. In LS-DYNA, under-integrated elements go through non-
physical modes of deformation during numerical simulations. It becomes necessary to eliminate 
those modes, which are known as hourglass modes, in order to obtain accurate results.  LS-
DYNA provides different types of hourglass controlling methods and coefficients to inhibit the 
hourglass modes. These controlling algorithms calculate the deformation and apply a counter 
acting force to eliminate these modes. For solid elements, it is recommended that the hourglass 
formulation 6 be used with an hourglass coefficient of 1. ("LS-DYNA Aerospace working group 
Modeling guidelines," 2012) 
5.2 Modeling 
An aluminum plate of dimensions 1200 mm x 1200 mm x 1.5 mm was modeled with 
eight node brick elements that have one integration point. As explained earlier, in order to 
overcome the complex hourglass effects an hourglass formulation 6 with an hourglass coefficient 
1 was activated in the model.  
Upon analyzing the results from the preliminary simulations, it was evident that the 
element size influences the results. Larger elements (0.5 mm x 0.5 mm) gave rise to multiple S0 
and A0 components when each of the nodes of the plate comes into contact with the impacting 
object. Figure 5.1 demonstrates the results of multiple impacts in the simulation.  
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It was concluded that in order to simulate a realistic load distribution, the elements in the 
contact region needs to be as small as possible. The amount of achievable refinement was limited 
by the available computing power. Therefore, the contact region was meshed with elements of 
dimension 0.0625 mm x 0.0625 mm and the rest of the plate was modeled with graded mesh 
with a ratio of 0.96.   
 
Figure 5.1. Waveform for a 0 degree impact from the simulation 
5.2.1 Model. The plate model used in the simulation is shown in figure 5.2. Impact was 
restricted to the area with the fine mesh. In figure 5.3 the end view of the plate and ball is shown. 
The sphere was modeled with matching element size and placed 1 mm above the top surface of 
the plate and the impact velocity was assigned as the initial condition. The termination time was 
assigned as 500 μs. The controls and parameters that affect the results are identified as: contact 
definition, friction, and mesh size. A summary of the controls used for various simulations are 
given in table 5.2. 
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Table 5.2 
Summary of Simulations 
Model Contact SOFT Friction Hourglass Figure 
1 NTS 0 No Yes 5.4 
2 NTS 0 Yes Yes  
3 NTS 1 No Yes  
4 NTS 1 Yes Yes  
5 STS 0 No Yes  
6 STS 0 Yes Yes  
7 STS 1 No Yes 5.5(a) 
8 STS 1 Yes Yes 5.5(b) 
9 STS 2 No Yes 5.6(a) 
10 STS 2 Yes Yes 5.6(b) 
 
NTS – CONTACT_AUTOMATIC_NODES_TO_SURFACE 
STS – CONTACT_AUTOMATIC_SURFACE_SURFACE 
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1200 mm
Uniform mesh
 
Figure 5.2. Model used for the numerical simulation 
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(a) 
                                 
(b) 
Figure 5.3. Model used for the numerical simulation (a) Closeup on the fine mesh (b) Side view 
of the sphere 
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 5.2.2 Results from the simulations. The results obtained from the simulations, by 
changing the various parameters that control the simulation are given below. Figure 5.4 shows 
the waveform extracted from the simulation with CONTACT_AUTOMATIC-
NODES_TO_SURFACE option, no hourglass control, and piecewise smooth linear plastic 
material with 0.2% yield stress. Further, no friction coefficients were assigned.   
 The parameters used to compare the waveforms from the simulations and the experiments 
are: The amplitude ratio S0/A0 and the frequency content of the components. A higher S0/A0 ratio 
implies higher ratio of in-plane load/normal load.  
 
Figure 5.4. Waveform for a 0 degree impact from the simulation 
 Upon analyzing the waveforms shown in figures 5.4 and 5.5, the amplitude ratio S0/A0 
was found to be 0.3, which is 50 times higher than what was obtained in the experiments. From 
this it was concluded that the contact algorithms and the other control parameters used in models 
1, 7 and 8 introduced larger in-plane loads than what was present in the experiment. The contact 
durations estimated from models 1, 7 and 8 were in the order of 400 µs. 
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Results from models 7 and 8 (Figure 5.6) provided an amplitude ratio of 0.069, which is 
10 times higher than the ones from the experiment, also it was found that the contact duration is 
relatively large (300 µs) compared to that of the experiment (80 µs).      
          
(a) 
          
(b) 
Figure 5.5. Waveform for a 0 degree impact from the simulation (a) Model 7 (b) Model 8 
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(a) 
 
(b) 
Figure 5.6. Waveform for a 0 degree impact from the simulation (a) Model 9 (b) Model 10 
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 5.2.3 Summary of results. The important observations from the impact simulations are 
listed below. 
 Contact algorithms used in the simulation with SOFT=0 and SOFT=1 options produce 
larger in-plane loads compared to that of the experiment 
 CONTACT_AUTOMATIC_SURFACE_TO_SURFCE algorithm with SOFT=2 option 
provides more realistic load distribution, but shows longer contact duration. Hence 
produces different frequency content 
From these simulations, it was evident that the contact algorithms in the LS-DYNA 
program are inadequate to represent the actual impact as far as the wave propagation is 
concerned. Therefore further simulations were carried out based on the Hertz’s contact theory. 
The equations were used to calculate the duration and the pressure distribution during the impact 
and the loads were distributed at the nodes of the axisymmetric model of the plate.  
 
 
 
 
 
 
 
 
 
46 
 
CHAPTER 6 
Axisymmetric Simulation 
During the impact between a plate and a sphere, the contact surfaces deform and form a 
curved surface. In this particular case of steel and aluminum, the deformation of the steel can be 
neglected. The solution to the static contact problem was adapted to the dynamic impact problem 
by Abrate (Abrate, 2001). With this solution, the impact problem can be simplified to one where 
a dynamic load is being applied to the sphere. The applied load, F is calculated based on the 
material properties and initial conditions. Due to the curvature of the contact surface, the loads 
transferred to the plate have in-plane components. This is illustrated in figure 6.1. 
       
Figure 6.1. Load distribution on the plate during impact 
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The impact load, F calculated based on the Abrate’s solution is shown in figure 6.2. Once 
F was calculated, the pressure distribution in the contact region is determined. An axisymmetric 
model of the plate was generated using PreSys, a commercially available modeling software, 
with the dimensions 1.5 mm x 800 mm with 0.25 mm x 0.25 mm elements and the same material 
properties as of the 3D ball impact simulation were assigned. LS-DYNA element formulation 14 
(Area weighted axisymmetric solid) was used with Y axis as the axis of rotation. The nodal loads 
were determined based on the calculated pressure distribution and the curvature of the contact 
surface. 
 
Figure 6.2. Impact load calculated according to Hertz contact theory 
 In order to simulate the actual load distribution, the inclined loads in the contact region 
were resolved into in-plane and normal components and applied on the nodes. The load 
distribution as applied in the numerical simulation is shown in figure 6.3. Loads were applied on 
the nodes that were in the contact region. The termination time was set as 500 μs, the same 
duration as the signals recorded during the experiment. 
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Figure 6.3. Load distribution in the numerical model 
The waveform recorded at 450 mm from the point of impact is shown in figure 6.4. In 
order to demonstrate the accuracy of the results S0 components from both experiment and the 
numerical simulation are compared in figure 6.5 
 
Figure 6.4. Waveform obtained from the axisymmetric model 
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(a)
                                                                                                                                                                                              
(b) 
Figure 6.5. Comparison of numerical and experimental waveforms for normal impact (a) 
Numerical simulation (b) Experiment 
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 From figure 6.5 it is obvious that the waveforms obtained through the axisymmetric 
model displays close similarity to the experimental waveforms and the amplitude ratio of the 
symmetric mode and anti-symmetric mode was found to be 0.005 which is of the same order as 
the one calculated in the experiment. The frequency content of the waveforms was analyzed 
using the wavelet transformation.  
 By looking at the transformations (Figures 6.6 and 6.7), it is obvious that the 
experimental and the simulated waveforms contain similar frequency content and amplitude 
ratios. The higher frequencies that appear later in the experimental waveform could be attributed 
to the reflections from the edges.  
 From these results it is obvious that modeling the normal impact by applying the 
distributed loads, as opposed to contact modeling in LS-DYNA, provides more accurate S0 and 
the high frequency A0 components. The same method can be extended to oblique impacts by 
including Maw’s solution (Maw et al., 1976) in calculating the impact loads. An axisymmetric 
model becomes impossible in the case of an oblique impact and a suitable mesh needs to be 
chosen in order to represent the circular impact region. 
 Even though the leading edge of the impact signal consists of low amplitude components, 
they become important in the actual applications of AE based SHM. Due to the noise induced by 
the vibration of the structures, use of frequencies below 50 kHz is not practical in field 
applications. Further, these low frequency components are not expected to give important 
features of the impact, as in the case of an irregularly shaped object where the high frequency 
leading edge consist of features indicating multiple impacts .  Therefore, it becomes necessary to 
rely on the high frequency components of the signal. Hence, the results obtained from the 
axisymmetric simulation are more accurate and serves the practical purpose of SHM. 
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Figure 6.6. Waveform obtained from the experiment and the wavelet (Normal Impact) 
Time, Microsecond 
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Figure 6.7. Waveform obtained from the axisymmetric model and the wavelet (Normal impact) 
 
Time, Microsecond 
53 
 
CHAPTER 7 
Discussion and Future Research 
 In this research it is shown that the Hertz contact theory provides a better representation 
of the impact force history for low velocity, non-damage causing impacts. This has been verified 
by comparing the waveforms collected during experiments and numerical simulations. Further it 
also has been verified that the impact should not be treated as a point contact. This becomes 
critical in the case of large object impacts. The presence of the shear horizontal component of the 
lamb waves has also been verified through the experimental results. By analyzing impacts of 
varying angles, it is possible to identify the angle of the impact with the aid of the shear 
horizontal waves.   
 This research could be extended to incorporate the calculation of impact force history for 
an inclined impact, which has not been addressed by many. This research was confined to 
impacts on aluminum panels. With the increasing use of composite panels in aircraft structures, it 
becomes necessary to extend this study into composite structures. Due to the non-homogeneity 
of the material, and high level of attenuation, the impact problem becomes even more 
complicated. A number of studies suggest that Hertz contact theory could be used to calculate 
impact load history in composite structures. It will be a challenging task to relate the impact 
mechanism to the stress waves produced in composite materials.                                        
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Appendix 
 
 
Waveforms captured by the sensors at 45 degrees and 0 degree for a normal impact by a 20 mm 
diameter ball 
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Waveforms captured by the sensors at 45 degrees and 0 degree for a 30 degree impact by a 20 
mm diameter ball 
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